The combined effect of clarithromycin and rifabutin against Mycobacterium avium multiplying either within human monocyte-derived macrophages or extracellularly in a liquid medium was additive: both MICs and MBCs were twofold lower for the combination than they were for each drug alone. Prolonged exposure for 4 weeks of M. avium-infected macrophages to combined concentrations that were only twofold greater than the MICs resulted in a 100-fold decrease in the number of viable bacteria, while in the drug-free controls a 100-fold or greater increase in comparison with the initial viable counts took place. Comparison of this effect with the results of the prolonged exposure to each drug alone suggested that under these experimental conditions rifabutin enhanced the antimicrobial activity of clarithromycin against intracellular bacteria. At the same time, inhibition of intracellular growth by a 2-h pulsed exposure of the infected macrophages to the combination of the two drugs was not different from the effect induced by clarithromycin alone. In conclusion, clarithromycin played the major role in the antimicrobial activity of the tested combination, while rifabutin may have enhanced this effect during a prolonged exposure of the intracellular bacteria to these two agents.
The combined effect of clarithromycin and rifabutin against Mycobacterium avium multiplying either within human monocyte-derived macrophages or extracellularly in a liquid medium was additive: both MICs and MBCs were twofold lower for the combination than they were for each drug alone. Prolonged exposure for 4 weeks of M. avium-infected macrophages to combined concentrations that were only twofold greater than the MICs resulted in a 100-fold decrease in the number of viable bacteria, while in the drug-free controls a 100-fold or greater increase in comparison with the initial viable counts took place. Comparison of this effect with the results of the prolonged exposure to each drug alone suggested that under these experimental conditions rifabutin enhanced the antimicrobial activity of clarithromycin against intracellular bacteria. At the same time, inhibition of intracellular growth by a 2-h pulsed exposure of the infected macrophages to the combination of the two drugs was not different from the effect induced by clarithromycin alone. In conclusion, clarithromycin played the major role in the antimicrobial activity of the tested combination, while rifabutin may have enhanced this effect during a prolonged exposure of the intracellular bacteria to these two agents.
Combinations of clarithromycin with a variety of other drugs have been investigated in vitro in cell-free culture media and macrophages (3, 7, 9, 10, 16, 17) . The overall analyses of these data indicated that the interaction in these combinations tested against Mycobacterium avium was additive rather than synergistic (2). The effect of this combination for the treatment and prevention of disseminated M. avium infection in patients with AIDS is under investigation. The aim of the present study was to evaluate the activity of clarithromycin in combination with rifabutin against M. avium in a cell-free culture medium and human monocyte-derived macrophages. The study included an evaluation of the antimicrobial activity during prolonged exposure and the effect of a drug combination given to infected macrophages by pulsed exposure.
MATERUILS AND METHODS Antimicrobial agents. Rifabutin (Adria Laboratories, Pharmacia, Columbus, Ohio) was dissolved first in methanol (640 jig/ml) and was then diluted further in distilled water to make appropriate working solutions. Clarithromycin (Abbott Laboratories, Abbott Park, Ill.) was first dissolved in dimethyl sulfoxide (1,280 jig/ml) and was then diluted further in phosphate buffer (pH 6.5).
Test strains. Three strains identified as M. avium by the Gen-Probe (San Diego, Calif.) technique were used for the studies. These strains, isolated from blood samples obtained from patients with AIDS, were used in our previous studies (8, 12, 13) . They were preserved in frozen 7H9 broth culture aliquots at -70°C. For each experiment, a subculture in 7H9 broth was made from a frozen aliquot.
Antimicrobial activity against extracellular bacteria. The MIC was defined as the lowest drug concentration that inhibited more than 99% of the bacterial population within a period CLARITHROMYCIN AND RIFABUTIN AGAINST M. AVIUM Inhibitory and bactericidal activities against intracellular bacteria. The MIC was defined as the lowest drug concentration present in the culture medium that completely inhibited (>99%) bacterial multiplication in macrophages within a period of 7 days. This period of observation in the macrophage model was selected by us and others (12, 16, 17) on the basis of the fact that sufficient intracellular multiplication of M. avium in the drug-free controls with up to a 100-fold increase in viable counts occurred within 7 days of cultivation. The MBC was defined as the lowest drug concentration that decreased the viable bacterial counts in macrophages more than 100-fold within the same period of cultivation. Various concentrations of the drugs alone or in combination were added to the cultures of infected macrophages. After an appropriate period of incubation the medium from the plates was discarded and the monolayers were lysed by exposure for 10 min to a 0.25% solution of sodium dodecyl sulfate at 1.0 ml per plate. After the suspension was transferred to the tube, the plates were rinsed with 1.0 ml of 7H9 broth containing 20% bovine serum albumin, and the rinse was added to the same tube. The viable counts per monolayer were determined by colony counting on 7H11 agar plates inoculated with serial dilutions of the macrophage lysate at days 0, 4, and 7 (12, 13). The drug concentrations were selected according to our preliminary experiments with each drug alone. The combinations contained each drug at one, one-half and one-quarter the MIC or MBC. The MIC and MBC of each drug singly were retested at the same time.
Long-term exposure of infected macrophages to drugs alone and in combination. The experiments in which infected macrophages were exposed to the drugs alone and in combination were arranged in the same way as those for MIC and MBC determinations, but the period of observation was 4 weeks. The medium containing appropriate drug concentrations was replaced weekly, and the samples for determining the number of viable bacteria were also taken once a week.
Pulsed exposure of infected macrophages. The peak concentration in blood (Cm.) that can be achieved 2 h after the administration of a dose of 500 mg of clarithromycin is about 4 jig/ml (2). For rifabutin, the Cmax achievable at 2 to 3 h after the administration of 300 mg is 0.4 jig/ml (8) . The jig/ml for rifabutin. On the basis of these estimates, the M.
avium-infected macrophages were exposed for 2 h to a combination of both drugs and to each drug singly at the following concentrations: clarithromycin, 3.0 ,ug/ml singly and 1.5 jig/ml in the combination; rifabutin, 0.3 ,ug/ml singly and 0.15 ,ug/ml in the combination. After the pulsed exposure, the medium was completely removed and was replaced with fresh drug-free medium, and the infected macrophages were cultivated for 7 days (13, 15) .
RESULTS

MICs and
MBCs. Experiments in cell-free medium showed that the MICs of clarithromycin and rifabutin in combination were not more than twofold lower than those of each drug alone (Table 1 ). This resulted in fractional inhibitory concentrations (FICs) of 1.0 to 2.0, indicating an additive effect at best (5, 11) . In no single experiment was the FIC 0.5 or less, and therefore, we concluded that no synergistic interaction took place in experiments with extracellular bacteria. The MICs of the drug combination against intracellular bacteria were twofold lower than the MICs of each drug singly, showing a clear additive effect, with the FIC equal to 1.0 (Table 2) . A similar additive effect was found when the MBCs were determined for the intracellular bacteria (Table 3) , with MBC/MIC ratios of 64 for clarithromycin and 8 to 16 for rifabutin.
Antimicrobial activity in long-term observations. Ongoing multiplication of bacteria in drug-free macrophages was evident throughout the 4-week period of observation, but it was most striking within the first 3 weeks of cultivation, during which there was more than a 1,000-fold increase in the number of viable bacteria (Fig. 1) . A further minimal increase was noted during the fourth week, in which bacterial counts reached 5.4 x 107 to 2.3 x 108 organisms per monolayer.
Under these conditions, the MIC of each drug tested alone was the same as those in experiments conducted with only a 1-week period of observation: 1.0 jig/ml for clarithromycin and 0.5 jig/ml for rifabutin ( Table 1) . The same effect, and in some instances a decline in the number of bacteria, was achieved when concentrations of one-half the MIC of each drug were used in combination, which reconfirmed the previously noted additive inhibitory effect by the combination of the two drugs, this time observed during a prolonged period. At the same time, an increase in the concentrations of clarithromycin and rifabutin to two times the MICs (2.0 and 1.0 ,ug/ml, respectively) reduced the number of intracellular bacteria over the 4-week period of exposure in experiments with all three strains (Fig. 1) . When the two drugs were combined at concentrations of 1.0 ,ug of clarithromycin per ml and 0.5 ,ug of rifabutin per ml, a 100-fold decrease in the number of viable bacteria was detected during 4 weeks of exposure. The concentrations reducing the number of bacteria 100-fold were only twofold greater than those producing just inhibition of growth, a striking difference from the MBC/MIC ratios determined in experiments with a 1-week exposure, as described above. In experiments with strain 453, a prolonged exposure of the infected macrophages to clarithromycin alone in a concentration twofold greater than the MIC also produced some decline in the number of bacteria, similar to that observed in the combination with rifabutin (Fig. 1) . Pulsed exposure of infected macrophages. A single 2-h pulsed exposure to 3.0 ,ug of clarithromycin per ml alone produced an extended inhibition of growth for a duration of 7 days. Exposure for 2 h to 0.3 ,ug of rifabutin per ml alone resulted in only partial inhibition of growth, and only during the first 4 days of cultivation. In these experiments, rifabutin barely enhanced the effect of clarithromycin (Fig. 2) ; the combination of clarithromycin at 1.5 jig/ml with rifabutin at 0.15 jig/ml was less effective than clarithromycin at 3.0 jig/ml alone, and the addition of 0.3 ,ug of rifabutin per ml to 3.0 ,ug of clarithromycin per ml did not enhance the effect of 3.0 jig of clarithromycin per ml alone.
DISCUSSION
The results of the in vitro interaction of clarithromycin with other antimicrobial agents against M. avium are quite contradictory. Some investigators have suggested the possibility of a synergistic inhibitory interaction for at least some of the clinical isolates when they are exposed to combinations of clarithromycin with rifabutin, amikacin, or ethambutol (10). When clarithromycin was combined with sparfloxacin, a synergistic interaction was reported for only one of seven strains (17) , and only an additive interaction at best was demonstrated for another (9) . A combination with gentamicin was additive (7) . A combination of clarithromycin with rifampin and ethambutol led to a definite decrease in the MIC compared with those of each drug alone, but it is not very clear whether the interactions of these two drugs with clarithromycin were synergistic or additive (3, 16) . The only additive effect was reported with a combination of clarithromycin with sparfloxacin and amikacin, but a combination with sparfloxacin and rifampin may have been synergistic for some strains (17) . Despite the inconsistency of the results obtained in different studies by different techniques, the interaction of clarithromycin with other antimicrobial agents was at least additive (2) . The combination of clarithromycin with other agents in the therapy of patients with M. avium infections is especially important for the prevention of the emergence of resistance to clarithromycin. This benefit can be determined in clinical trials only, while the in vitro studies are usually targeted to determining the type of interaction among the agents combined. We concentrated our efforts on clarification of the issue of interaction in only one drug combination, clarithromycin plus rifabutin. This choice was made because this combination has been selected by several scientific groups for clinical trials currently being conducted in patients with AIDS either for preventive therapy or the treatment of disseminated M. avium infection. Preference for this combination was given because both agents have recently been approved by the U.S. Food and Drug Administration for either prophylaxis (rifabutin) or the treatment (clarithromycin) of M avium infection.
The present study has shown that the interaction between clarithromycin and rifabutin is not synergistic but is only additive against either extracellular bacteria in a cell-free liquid medium or intracellular bacteria within human macrophages. This interaction led to a twofold reduction in the MICs and MBCs in comparison with the same values for each drug alone. While the MICs of each drug in the combination were less than the peak concentrations attainable in blood, the MBCs were greater than this level. Because of the high MBC and MBC/MIC ratios, neither clarithromycin nor rifabutin should be considered bactericidal agents against M. avium, even in combination. These data have confirmed the results of our previous studies on the activity of each drug alone (6, 8) .
There have been speculations that the accumulation of drugs in macrophages may change this balance to result in bactericidal activity against the bacteria multiplying intracellularly (2, 10) . We confirmed previously that clarithromycin concentrations in macrophages can be 15-to 17-fold greater than those in the extracellular fluid (14) . In spite of this, the concentrations in the extracellular fluid that were required to inhibit the intracellular bacterial growth were in the same range as those that were active against the extracellular bacteria. We speculate that despite accumulation within macrophages clarithromycin may not have greater antimycobacterial activity as a consequence of its relative inactivity in the acidic milieu within phagolysosomes. The MICs of various rifamycins, including rifabutin, against intracellular mycobacteria (Mycobacterium microti) were observed to be greater than those against extracellular bacteria (4) . Therefore, the authors of that report questioned the suggestions by other authors (1) about the accumulation of rifamycins within macrophages. It is conceivable that rifamycins may accumulate within macrophages but lack some mechanisms of activity under unfavorable intracellular conditions. In the present study, the MICs of clarithromycin and rifabutin either in combination or alone against intracellular bacteria were no different from those against extracellular bacteria, which confirms previous conclusions that one cannot always anticipate the increased levels of activity of these agents against the bacteria residing in macrophages just because of their possible intracellular accumulation.
Prolonged exposure of infected macrophages to drugs for 4 weeks resulted in the same MICs of each drug as those found during the 1-week exposure. A slight decrease in the number of viable bacteria occurred in some experiments at weeks 3 through 4 or at week 4 in the presence of one time the MIC of clarithromycin alone or in a combination of clarithromycin and rifabutin (one-half the MICs of each drug). At the same time, a twofold increase (each drug at one time the MIC) resulted in a substantial reduction (about 100-fold) in the number of viable bacteria during this prolonged period of exposure. These experiments have shown the possibility that rifabutin may enhance the activity of clarithromycin against intracellular bacteria. Finally, 2-h pulsed exposures of the infected macrophages to clarithromycin and rifabutin concentrations attainable at the time of Cmax have indicated that the effect of the combination was mainly due to clarithromycin and it was only inhibitory, without any substantial reduction in the number of viable bacteria.
In conclusion, the combination of clarithromycin and rifabutin produced additive effects against both extra-and intracellular bacteria, mainly inhibitory, with the potential for enhanced activity during prolonged periods of exposure to the drugs.
